Abstract-This paper, the second of two parts, reports the measurement and characterization of a fully integrated oven controlled microelectromechanical oscillator (OCMO). The OCMO takes advantage of high thermal isolation and monolithic integration of both aluminum nitride (AlN) micromechanical resonators and electronic circuitry to thermally stabilize or ovenize all the components that comprise an oscillator. Operation at microscale sizes allows implementation of high thermal resistance platform supports that enable thermal stabilization at very low-power levels when compared with the state-of-the-art oven controlled crystal oscillators. A prototype OCMO has been demonstrated with a measured temperature stability of −1.2 ppb/°C, over the commercial temperature range while using tens of milliwatts of supply power and with a volume of 2.3 mm 3 (not including the printed circuit board-based thermal control loop). In addition, due to its small thermal time constant, the thermal compensation loop can maintain stability during fast thermal transients (>10°C/min). This new technology has resulted in a new paradigm in terms of power, size, and warm up time for high thermal stability oscillators.
I. INTRODUCTION

I
N [1] ,the design and fabrication of an oven controlled micro electromechanical oscillator (OCMO) is reported. The OCMO is realized via the monolithic integration of a temperature compensated Aluminum Nitride (AlN) microresonator with trench isolated siliconon-insulator (SOI) complementary-metal-oxide-semiconductor (CMOS) electronics on a suspended, ovenized platform. The OCMO utilizes several key technology innovations to enable part-per-billion per degree Celsius (ppb/°C) level oscillator thermal stability at much lower power and smaller size than what is achievable in an oven controlled crystal oscillator (OCXO) [1] , [2] . First, fabrication at the micro-scale enables the realization of high thermal resistance supports, ∼10°C/mW, that connect the ovenized oscillator platform to the surrounding environment. This enables the oscillator to be heated and stabilized above the maximum specified ambient temperature, ∼85°C, while using only a few mW of power to heat the oscillator platform. Monolithic integration of the AlN resonator and oscillator sustaining electronics on the same suspended platform dramatically reduces the electronic and interconnect contributions to the oscillator frequency variation with temperature and enables ppb/°C level oscillator thermal stability using relatively low Q (1000-2000) AlN resonators. The use of trench isolated SOI CMOS to form the oscillator sustaining circuit enables release of the electronic circuitry from the substrate using the same XeF 2 chemistry commonly used to release AlN microresonators. Finally, on platform resistive heaters and temperature sensors, combined with an off-chip constant resistance feedback loop, enable low power thermal stabilization of the microfabricated oscillator platform.
This paper details the measurement and characterization of the OCMO design described in [1] . First, the dimensions, materials and performance of the AlN microresonator that primarily determines the oscillator frequency are described. Next, the characterization of the platform thermal time constant (∼13.6 ms) and thermal resistance (∼10°C/mW) is detailed. Measurement of the oscillator turn over temperature (∼85°C) is described. Ovenizing the OCMO near the measured turn over temperature (∼89°C) is shown to yield a low noise oscillator with unprecedented frequency stability over temperature (∼100 ppb from 0 to 85°C) at low power (11.7 mW to 31 mW). The size of OCMO device is less than 3.3 mm 2 square and can be further reduced via thinning to less than 200 μm thick. Therefore, the resulting volume of the OCMO could be as low as 0.65 mm 3 . Finally, measurement of the other important electrical and physical properties of the oscillator, such as phase noise, vibration stability and aging are detailed.
II. OCMO MEASUREMENT RESULTS
A. Temperature Compensated Resonator Design and Typical Resonator Characteristics
The resonator used in the OCMO design was a width extensional resonator, Fig. 1a , with a center frequency around 480 MHz. A typical resonator test structure measured on the same wafer had an insertion loss between −9 to −12 dB and a Q between 1000 and 2000, Fig. 1b . The actual resonator on the OCMO platform cannot be characterized because connections to its electrodes are not accessible. The AlN resonator dimensions used in this design are shown in Table 1 . The resonator temperature coefficient of frequency cannot be measured directly on the OCMO IC. As a result, it is measured by measuring the OCMO oscillator frequency versus temperature with the temperature control loop disabled. This will be shown in the next section.
B. Characterization of OCMO Thermal Platform
The thermal time constant of the OCMO platform was measured by sweeping the frequency, f H , of a fixed amplitude sinusoidal voltage applied to the platform heater resistor described in [1] . Since the platform temperature is a function of the power (P H = V 2 H /R H ) applied to the heater resistor, the resulting platform temperature varies at a frequency equal to twice the applied frequency, f H . Therefore, by observing the change in the resistance used to measure OCMO platform temperature [1] , R splat , at 2× f H, the thermal transfer function of the platform was measured. The most important parameter obtained by this measurement was the platform's thermal time constant, R th × C HC . The thermal time constant is equal to the product of the thermal resistance and heat capacity of the platform. Where R th is the platform's thermal resistance and C HC is its heat capacity. The change in platform temperature was measured with the sense resistor, R splat , through use of an inverting amplifier (Fig. 2) . The amplifier output spectrum at 2× f H was observed with a spectrum analyzer and the amplitude of its output was recorded. Using this method, the thermal time constant of the OCMO platform was found to be ∼13.6 milliseconds (Fig. 3) . This small time constant allows the feedback loop for the OCMO to react much more quickly to thermal transients than the much larger ovenized quartz crystal based oscillators. Finally, the OCMO's thermal resistance was characterized. This was done by applying power over a range of 0 to 5mW to the heater resistors and measuring the resistance R splat . In addition, R splat was characterized over temperature by placing the OCMO in a thermal chamber with all power supplies disabled. This was done to ensure the chamber temperature was the same temperature as the sense resistance. The chamber temperature was then stepped by 20°C increments from room temperature to 115°C and the change in R splat versus temperature was recorded. The thermal resistance calculated from these measurements was ∼ 10°C/mW, which is slightly less than the simulated value of 11.9°C/mW from [1] . This discrepancy is not unexpected because the thermal model used to predict the thermal resistance in [1] ignored both convective and radiative heat loss.
C. Temperature Sensitivity of the OCMO Oscillator
To characterize the OCMO temperature sensitivity, the output frequency of the oscillator was first measured by varying the ambient temperature in a thermal chamber with the constant resistance temperature control loop described in [1] disabled. The results of this measurement are shown in Fig. 4 , where T lid is the temperature measured at the package lid of the OCMO as shown in [1, Fig. 12 ]. Fig. 4 shows that the oscillator exhibits frequency versus temperature that is parabolic and similar to results found in [4] - [6] . The vertex of the parabola defines the turnover frequency and temperature. The turnover temperature for this particular oscillator was at T lid = T T OV R = ∼85°C. In order to meet a maximum temperature specification of 85°C, the temperature set point, T set , had to be increased above the measured turnover temperature. This is because the OCMO test PCB [1] was electrically insulated as well as protected from turbulence in the thermal chamber with some insulation. As a result the supply power consumed mainly by the 50 ohm buffers on the PCB [1] caused the OCMO package temperature to increase, T lid , by 3 to 5°C above the chamber's ambient temperature, or T lid ∼ = T amb +4°C. Thus, it was experimentally determined that a set point of T lid = ∼89°C was required to meet the 85°C specification. For T set ∼ = 89°C, the value of reference resistor used for the constant resistance feedback loop [1] was R re f ∼ = 3383 ohms. To get an estimate of the resonator's actual temperature, R splat was measured at the oscillator turnover temperature. This value was then used to estimate the resonator turnover temperature. In this case the resonator turnover temperature was estimated to be ∼101°C. Note that when the ambient temperature is 85°C, the OCMO package temperature, T lid , is 89°C and the resonator temperature is 101°C. Therefore, the power used by the oscillator electronics on the platform heats the platform by approximately 12°C. We note the importance of keeping the oscillator power consumption low to minimize, as much as possible, this self-heating of the platform.
The required value of R re f was placed in the main PCB thermal control loop detailed in [1] . The temperature control loop was turned on and the oscillator TCF was re-measured. The ambient temperature was cycled from 30°C to −40°C. Then it was ramped from −40 to 85°C. Finally the temperature was cycled back to 30°C. The temperature profile applied to the resonator is shown in Fig. 5 (right axis) . Oscillator frequency measurement performed in a Rasko thermal chamber. The frequency drift during the measurement is estimated by using a least squares fit to frequency measurements taken at T oven = 30°C during the thermal test which lasted ∼5.7 hours. T amb is the chamber set point and T lid is the temperature of the OCMO package lid. It was found that the frequency drift of the oscillator during the experiment, which lasted ∼ 5.7 hours, was larger than the variation due to the change in temperature. As a result the frequency drift was removed from the measurement in Fig. 5 to determine the temperature sensitivity of the OCMO. This was done by taking the values of frequency at T lid = 30°C versus time and fitting a 3 rd order polynomial to the drift.
The solid black line (Fig. 5) is the estimate of the oscillator's frequency drift in the absence of changes in ambient temperature. Hence this estimate predicts the time variation of the oscillator frequency for a fixed temperature of 30°C. The estimate of drift was then subtracted from the measurement to obtain the results shown in Fig. 6 . As mentioned previously, an insulating material was placed around the OCMO characterization PCB during the test to protect it. As a result, the power dissipated by the PCB increased the temperature of both the PCB and package above that of the oven temperature. This accounts for the difference between T lid and T amb in Fig. 5 . The measurement in Fig. 5 also shows when the thermal control loop stops working at T lid of ∼89°C as designed. In addition, it is important to note that this measurement was taken with all of the oscillator power supply regulators inside the thermal chamber. Therefore, it combines frequency variation due to the power supply regulators' voltages changing over temperature with the intrinsic oscillator temperature variation. From this measurement, the overall fractional frequency variation, f / f o , was determined to be ∼ 300 ppb over the industrial temperature range of −40 to 85°C and ∼100 ppb over the commercial temperature range of 0 to 85°C. It can be seen from this plot (Fig. 6 ) that the majority of variation (∼250 ppb) occurs between the temperatures of −40 to 30°C. The overall negative TCF with the control loop on is approximately −2.4 ppb/°C over −40 to 85°C. The negative TCF can be attributed to the positive offset, T , in temperature between the control loop set point of 89°C and the oscillator turnover temperature of 85°C and the finite oven gain of ∼100. Consider the second term in [1, eq. (10) ]. If T is positive and TCF 2 is negative, the effective TCF of the oscillator is negative. This assumes the other two terms in Eq. 10 [1] are small compared to the second term. Using the following values, TCF 2 = −15.98 ppb/°C, T = 4°C and assuming G oven = 100, the second term of Eq. 10 [1] predicts an oscillator TCF of −1.3 ppm/°C. While this is just an estimate, it is fairly close to the actual measured TCF of the oscillator.
To further demonstrate the thermal stability and remove the effects of slow frequency drift in the measurement, the output frequency of the OCMO was also tested with fast thermal transients. Fig. 7 shows the frequency deviation of the OCMO for a temperature ramp of 32°C. The temperature was measured every two minutes during the ramp from 40°C to 72°C in 4 minutes. No discernable change in frequency can be seen in this measurement and at worst this demonstrates that the OCMO exhibits a TCF of ∼40 ppb/32°C or 1.25 ppb/°C from 40°C to 72°C. We note that because of the fast temperature step, no compensation for drift was applied to Fig. 7 . Finally this measurement demonstrates the ability of the OCMO to maintain thermal stability during fast thermal transients. 
D. OCMO Phase Noise
The phase noise at the CLKOUT output of the oscillator (divider set to divide by 32) was measured to be −123.8 dBc/Hz at 1 kHz offset (Fig. 8) . The center frequency was ∼15 MHz. Further improvements in phase noise will require increasing the quality factor of the AlN resonator.
E. OCMO Power
A breakdown of the power used by the OCMO oscillator developed in this work is shown in Table 2 . The breakdown shows the total power of the OCMO at room temperature (11.08 mW). The OCMO subtotal is the power used by the pierce oscillator, frequency divider, pad driver and the platform heater described in detail in [1] . The heater power is the amount needed to heat the OCMO platform to 89°C at ambient temperature (5.83 mW). The CMOS pad driver is consuming almost 1 2 of the OCMO power. Future optimized pad driver designs are expected to reduce pad driver power by at least 2 to 3 times. The total oscillator power adds the printed circuit board, PCB, based constant resistance thermal control loop, CRTCL, power to the OCMO power. As can be seen, the un-optimized PCB based control loop power dominates the total power used by the oscillator. This power could easily be reduced to ∼0.66 mW by reducing the PCBs control loops' power supply voltage to 3.3V and by using operational amplifiers with nominal supply currents of 0.1 mA. In the future we expect to integrate the control loop on the OCMO IC. This could conceivably reduce the power used by the loop electronics even further than the power estimate of 0.66 mW in Table 2 . If the expected improvements in pad driver and CRTCL power usage are implemented, future designs are expected to use ∼11.7 mW of power and the OCMO platform heater power will be the largest expenditure of the total OCMO power.
F. OCMO Vibration Stability
Vibration stability is also another challenge met by the OCMO design. Typically, for oscillators with high levels of stability under vibration, sensitivity to vibration is limited by Allan deviation measurement for the OCMO oscillator with the oven control loop enabled. The measurement time is ∼19 days. The measurement was not done in a temperature controlled chamber. The typical temperature variation in the measurement lab was ∼1°C peak to peak. Allan deviation of the OCMO oscillator measured with a Symmetricom 5125A high-performance, extended-range phase noise and allan deviation test set. A Stanford Research Systems FS725 rubidium frequency standard was used for the 5125A's frequency reference. The oscillator frequency was approximately 15 MHz. The acquisition time for this measurement is τ o = 1 millisecond.
the electrical connections between the oscillator electronics and the resonator. Typically these connections, for example wire bonds, have electrical properties (inductance, capacitance, resistance) that are sensitive to vibration [3] . In the OCMO there is a direct connection between the oscillator electronics and the resonator. Hence, it is much less sensitive to vibration. Furthermore, the resonator platform itself has a resonant frequency of 19 kHz. This makes it insensitive to most vibrations which exist at low frequency. The measured vibration stability for the OCMO is given in Table 3 . The sensitivity was measured with the PCB based control loop enabled and disabled. This was done to determine if the PCB based thermal control loop would cause increased sensitivity. Each measurement was done with an average applied peak acceleration between 5 and 10 G where 1 G = 9.8 m/sec 2 . Note that in most cases the vibration sensitivity gets larger when the control loop is enabled. The cause of this is under investigation. Perhaps locating the CRTCL loop on chip will improve performance since there would be no wire bonds connecting the resistors on the OCMO platform to the control loop. An Agilent E4440A spectrum analyzer was used to characterize vibration sensitivity by measuring the sidebands in the oscillator spectrum resulting from the applied vibration. Finally, note that no sensitivity could be measured for entries with a sensitivity of zero and the directions of vibration X, Y and Z are indicated in [1, Figs. 11 and 12 ].
G. Frequency Stability
An important characteristic for frequency references is the rate at which their frequency changes over time. The Allan deviation or ADEV is used to evaluate the stability of an oscillator over a given measurement time, tau [8] , [9] . The ADEV of an oscillator provides the normalized standard deviation or root mean square change in the references' fractional change in frequency over a given measurement time tau. To quote [10] : "An Allan deviation of 1.3×10 −9 at observation time 1 second (i.e. τ = 1 second) should be interpreted as there being an instability in frequency between two observations a second apart with a relative root mean square (RMS) value of 1.3 × 10 −9 . For a 10-MHz clock, this would be equivalent to 13 mHz RMS movement". The Allan deviation for the OCMO is shown in Fig. 9 . The Allan deviation was measured using a MICROSEMI (formally SYMMETRICOM) 5125A phase noise and Allan deviation test set [11] . The acquisition time was τ o = 1 millisecond. The measurement shows the standard deviation of the OCMO oscillator frequency to be ∼5 ppb for tau = 1 second. At approximately 2000 seconds the ADEV starts to increase due to long term frequency drift. In the case of the OCMO this drift is aging which is believed to be caused by the metal in the AlN resonator going through nonlinear deformations (creep, work hardening, fatigue) or possible dielectric charging. It has been observed that this aging/drift slows the longer the oscillator is in operation. Current oscillators age 19 ppm in 23 days and require a 200 day burn-in period before the aging rate reduces to less than 10 ppm/year (Fig. 10) . Further investigation is required to determine the root cause of the frequency drift and identify ways of reducing it further.
III. CONCLUSIONS
In [11] the potential of low power ovenized MEMS oscillators was proposed and in this work (started in 2010) this potential has been demonstrated. This new technology has demonstrated OCXO temperature stability combined with low power. The volume of future generations of the OCMO which will include an integrated version of the CRCTL is expected to be 2.3 mm 3 without wafer thinning or packaging. If the OCMO were packaged in a wafer level package [13] and the OCMO wafers are thinned to ∼ 200 μm, the packaged OCMO IC volume would be 0.65 mm 3 or 500 times smaller than state of the art OCXO in Table 4 . Table 4 also shows a comparison to prior ovenized oscillator research efforts. In addition, due to its small thermal mass the OCMOs warm up time is 300 to 900 times faster than state of the art OCXOs and it can hold its rated thermal stability in the presence of high speed thermal transients (>10°C/min) while most small OCXOs cannot.
Even with the promising results, additional research and engineering will be required before the OCMO oscillator can be applied in many applications. Issues with known engineering solutions such as initial frequency accuracy/trimming and miniature packaging will need to be addressed. Of all the remaining challenges associated with the oscillator, the largest risk is in the area of oscillator frequency aging. Unlike other remaining challenges with the oscillator, the source of the aging is unidentified and could be linked to changes in film stress, metal work hardening or fatigue, dielectric charging or other aging mechanisms. We are currently working on identifying the root causes of drift and identifying solutions.
In conclusion, we have demonstrated a low power (tens of mW) oscillator with ppb/°C stability vs. temperature. The oscillator utilizes the monolithic integration of AlN microresonators with trench isolated SOI integrated circuits on a high thermal resistance platform to achieve the impressive levels of thermal stability at low power. Finally we have presented a new fabrication method [1] of creating mechanical structures out of SOI CMOS in this work. We firmly believe this development will lead to new and exciting SOI CMOS based Micro-Electro Mechanical systems in the future. 
